Lack of digalactosyldiacylglycerol increases the sensitivity of Synechocystis sp. PCC 6803 to high light stress  by Mizusawa, Naoki et al.
FEBS Letters 583 (2009) 718–722journal homepage: www.FEBSLetters .orgLack of digalactosyldiacylglycerol increases the sensitivity of Synechocystis sp.
PCC 6803 to high light stress
Naoki Mizusawa, Isamu Sakurai, Naoki Sato, Hajime Wada *
Department of Life Sciences, Graduate School of Arts and Sciences, University of Tokyo, Komaba 3-8-1, Meguro-ku, Tokyo 153-8902, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 29 December 2008
Revised 13 January 2009
Accepted 13 January 2009
Available online 22 January 2009
Edited by Miguel De la Rosa
Keywords:
Cyanobacterium
Digalactosyldiacylglycerol
Photoinhibition
Photosynthesis
Photosystem II0014-5793/$34.00  2009 Federation of European Bio
doi:10.1016/j.febslet.2009.01.021
Abbreviations: DGDG, digalactosyldiacylglycerol;
MGDG, monogalactosyldiacylglycerol; SQDG, sulfoq
phosphatidylglycerol; PSI, photosystem I; PSII, photos
* Corresponding author. Fax: +81 3 5454 6656.
E-mail address: hwada@bio.c.u-tokyo.ac.jp (H. WaThe physiological role of digalactosyldiacylglycerol (DGDG) in photosynthesis was examined using a
dgdA mutant of Synechocystis sp. PCC 6803 that is defective in the biosynthesis of DGDG. The dgdA
mutant cells showed normal growth under low light (LL) conditions. However, their growth was
retarded under high light (HL) conditions and under Ca2+- and/or Cl-limited conditions compared
to wild-type cells. The retardation in growth of the mutant cells was recovered by exogenous supply
of DGDG in the growth medium. The dgdA mutant showed increased sensitivity to photoinhibition.
Although both photodamage and repair processes of photosynthesis were affected, the repair pro-
cess was more severely affected than the photodamage process, suggesting that DGDG plays an
important role in the photosynthetic repair cycle.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In cyanobacteria, algae, and plants, thylakoid membranes are
the site of the photochemical reactions of oxygenic photosynthesis,
which are performed by two protein–pigment complexes, photo-
system II (PSII) and photosystem I (PSI) [1]. The lipid composition
of thylakoid membranes is highly conserved among oxygenic pho-
tosynthetic organisms and is composed of uncharged lipids includ-
ing monogalactosyldiacylglycerol (MGDG; 40–50% of total lipids)
and digalactosyldiacylglycerol (DGDG; 20–30%), as well as anionic
lipids including sulfoquinovosyldiacylglycerol (SQDG; 20–30%)
and phosphatidylglycerol (PG; 5–15%) [2]. The majority (80–90%)
of lipids in thylakoid membranes are glycolipids, namely, MGDG,
DGDG, and SQDG, in contrast to other biological membranes in
which phospholipids are the major lipid components. Recent X-
ray crystallographic analysis of PSII [3,4] and PSI [5] complexes
from Thermosynechococcus elongatus revealed the presence of 14
(six molecules of MGDG, four molecules of DGDG, three molecules
of SQDG, and one molecule of PG) and four (one molecule of MGDG
and three molecules of PG) lipid molecules per PSII and PSI mono-
mer, respectively. Therefore, it is thought that lipid moleculeschemical Societies. Published by E
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uinovosyldiacylglycerol; PG,
ystem II
da).might play important roles not only in the formation of the lipid-
bilayer, but also in the construction of the PSI and PSII complexes.
However, the speciﬁc photosynthetic function of each lipid class is
not fully understood. In the present study, we focused on the phys-
iological role of DGDG, a component of PSII.
The physiological importance of DGDG in photosynthesis has
been studied using DGDG-deﬁcient mutants of Arabidopsis thaliana
[6–8] and Synechocystis sp. PCC 6803 [9,10]. In Arabidopsis, two
genes, DGD1 and DGD2, are involved in the biosynthesis of DGDG.
The growth and photosynthetic activity were severely affected in a
dgd1 mutant in which the DGD1 gene was disrupted and the
amount of DGDG was reduced to 1% of total lipids [6]. A dgd1
dgd2 mutant, in which both the DGD1 and DGD2 genes were dis-
rupted and only a trace amount of DGDG was detected, had a more
severe phenotypic disruption than the dgd1 mutant [8]. These
results suggest that DGDG is crucial for plant development and
photosynthesis in Arabidopsis. Recently, our group and Awai et al.
identiﬁed a dgdA gene presumably encoding a DGDG synthase of
Synechocystis sp. PCC 6803 [9,10]. Since this disruption mutant of
dgdA contained no detectable levels of DGDG [9,10], it was
considered to be a good tool to elucidate the role of DGDG in pho-
tosynthesis. Analyses of the mutant in our previous studies dem-
onstrated an important role of DGDG on the donor side of PSII
through the binding of extrinsic proteins required for stabilization
of the oxygen-evolving complex [10]. Requirements for DGDG on
the donor side of PSII have also been elucidated by analysis of
the dgd1 dgd2 Arabidopsis mutant using ﬂash-induced chlorophylllsevier B.V. All rights reserved.
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photoautotrophic growth [9,10] despite the impairment on the do-
nor side of PSII, the physiological role of DGDG in Synechocystis re-
mains obscure.
In this study, we examined the effects of high light (HL) stress or
nutrient deﬁciency on the growth and photosynthetic activity of
the dgdA mutant. We found that HL stress or CaCl2-depletion from
the growth medium signiﬁcantly affected the growth of dgdA mu-
tant cells. Further analysis of the dgdA mutant demonstrated that
the acceleration of damage to photosynthesis under HL and inhibi-
tion of recovery of photodamaged photosynthesis leading to the
retardation of growth under HL conditions occurs simultaneously
as a result of a deﬁciency of DGDG.
2. Materials and methods
2.1. Organisms and growth conditions
A disruption mutant of the dgdA gene (slr1508) of Synechocystis
sp. PCC 6803 constructed previously [10] is referred to as the dgdA
mutant. The wild-type and the dgdA mutant of Synechocystis sp.
PCC 6803 were grown photoautotrophically at 25 or 30 C in
BG-11 medium under continuous ﬂuorescent white light at an
intensity of 20 or 200 lmol photons m2 s1. In the case of the
dgdA mutant, 20 lg/ml kanamycin was added to the growth med-
ium. The growth of the cells was monitored by assessing the opti-
cal density at 730 nm (OD730).
2.2. Analysis of photosynthetic activity
Photosynthetic oxygen-evolving activity of intact cells was
measured by a Clark-type oxygen electrode according to Gombos
et al. [12]. The samples were illuminated with white light ﬁltered
through thermo-cutting and red ﬁlters. Chlorophyll concentrations
were determined by the method of Arnon et al. [13].
2.3. Puriﬁcation of lipids
Total lipids were extracted from wild-type cells of Synechocystis
sp. PCC 6803 by the method of Bligh and Dyer [14]. Lipids were
separated by thin layer chromatography, as described previously
[15]. Each lipid class extracted from the thin layer chromatography
plates was dissolved in ethanol as a stock solution at a concentra-
tion of 2 mM. When the growth medium was supplemented with
lipid, the stock solution was added to growth medium at a ﬁnal0.1
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Fig. 1. Effects of low light (LL) and high light (HL) illumination on photoautotrop
(20 lmol photons m2 s1; A and B) or HL (200 lmol photons m2 s1; C and D) condition
cells was monitored by optical density at 730 nm. Growth of dgdA mutant cells in the p
Error bars represent S.D. based on mean values of three independent cultures even thouconcentration of 10 lM. The amount of lipid was quantiﬁed by
gas chromatography, as described previously [15].
2.4. Photoinhibition and recovery of photosynthesis
To assay the susceptibility of dgdAmutant cells to HL, wild-type
and mutant cells that had been suspended with BG-11 medium to
10 lg Chl/ml were illuminated at 25 C with white light at
2500 lmol photons m2 s1 in the presence or absence of 0.1 mg/
ml lincomycin. Recovery of photosynthetic activity after photoin-
hibition was measured in cells that had been subjected to photoin-
hibitory treatment at 30 C for 60 min in the presence of
lincomycin, washed twice with fresh BG-11 to remove the linco-
mycin, and then allowed to recover oxygen-evolving activity under
low light (LL) (20 lmol photons m2 s1) at 25 C.
3. Results
3.1. Growth of the dgdA mutant under HL or Ca 2+- and/or Cl-limited
conditions
To examine the effects of DGDG deﬁciency on photosynthesis in
vivo, the photoautotrophic growth of dgdA mutant cells was com-
pared to that of wild-type cells under different conditions (Figs. 1
and 2). Fig. 1 shows the effects of illumination at LL (20 lmol pho-
tons m2 s1) and HL (200 lmol photons m2 s1) on the growth at
25 or 30 C. Under LL conditions, the mutant cells grew at almost
the same rate as the wild-type cells at both 25 C (Fig. 1A) and
30 C (Fig. 1B). Under HL conditions, however, the mutant cells
grew signiﬁcantly more slowly than the wild-type cells (Fig. 1C
and D). After cultivation for 150 h, the mutant cells exhibited
photobleaching and stopped growing, while the wild-type cells
continued to grow. Such growth retardation was more apparent
at 25 C than at 30 C. In contrast, when cells were cultured in
the presence of DGDG, the mutant cells showed normal growth
comparable to the wild-type even under HL conditions. Lipid anal-
ysis of the wild-type and mutant cells cultured with DGDG showed
that the mutant cells contained 2.2% of DGDG in total lipids, while
the wild-type cells contained 15% of DGDG and the lipid composi-
tion of the wild-type cells was not changed by cultivation with
DGDG (data not shown). These results indicate that DGDG was
incorporated into the mutant cells and it restored the growth of
mutant cells under HL conditions although the level of DGDG
was lower than that of DGDG in wild-type cells. It is, therefore,
suggested that DGDG is required for the optimal growth of0
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Fig. 2. Effects of Ca2+- and/or Cl-limitation on photoautotrophic growth of wild-type and dgdAmutant cells. Cells were cultured under LL at 30 C under normal (A), Ca2+- (B),
Cl- (C), and Ca2+- and Cl- (D) limited conditions. Growth of wild-type (h) and dgdA mutant (s) cells was monitored by optical density at 730 nm. Growth of dgdA mutant
cells in the presence of 10 lMDGDGwas also monitored under Ca2+- and Cl-limited conditions (4 in D). Error bars represent S.D. based on mean values of three independent
cultures.
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LL conditions.
Fig. 2 shows the effects of Ca2+- and/or Cl-limitations on the
growth of wild-type and mutant cells. Under Ca2+-depleted condi-
tions, the growth rate of the mutant cells was slightly lower than
that of the wild-type cells (Fig. 2B). The effect of Cl-depletion from
the culture medium was drastic in the mutant cells (Fig. 2C). The
growth rate of mutant cells was signiﬁcantly suppressed compared
to the wild-type cells. When both Ca2+ and Cl were omitted from
the medium, the mutant cells were unable to grow, but could grow
at the same rate as the wild-type cells in the presence of DGDG
(Fig. 2D). These results clearly indicate that DGDG is essential for
growth under Ca2+- and Cl-limited conditions.Illumination time (min)
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Fig. 3. Photoinhibition of photosynthetic oxygen evolution under high light
conditions. Wild-type (h) and dgdA mutant cells (s) grown without lipid were
suspended in BG-11 at a concentration of 10 lg Chl/ml and subjected to illumina-
tion at 25 C with intense light at 2500 lmol photons m2 s1 in the presence (A) or
absence (B) of lincomycin. In the case of the dgdA mutant, the cells grown with
10 lM lipid [DGDG (4), MGDG (N), PG (}), and SQDG (5)] were also used. Error
bars represent S.D. based on mean values of three independent cultures.3.2. Increased sensitivity to photoinhibition of photosynthesis in the
dgdA mutant
To clarify whether the suppression of growth of the dgdA mu-
tant under HL was caused by photoinhibition of photosynthesis,
the effects of illumination at 2.5 mmol photons m2 s1 on photo-
synthetic activity were compared between wild-type and dgdA
mutant cells. Photoinhibition of photosynthesis is caused by an
imbalance between the photodamage and repair processes of pho-
tosynthesis. It is possible to measure the photodamage and repair
processes of photosynthesis separately by monitoring the time
course of oxygen-evolving activity when cells are exposed to HL
in the presence or absence of lincomycin, which inhibits the pro-
tein synthesis required for the repair of photosynthesis. In wild-
type and mutant cells that had been cultured with DGDG, an HL-
induced decline in the oxygen-evolving activity was observed in
the presence of lincomycin (Fig. 3A), but the decline observed in
its absence was much smaller (Fig. 3B), suggesting that inactivated
photosynthetic activity is greatly recovered in the absence of linco-
mycin. By contrast, in mutant cells that had been cultured without
DGDG, the oxygen evolution activity declined similarly upon illu-
mination in the presence and absence of lincomycin, suggesting
an inhibition of repair in the mutant cells. In addition, in the pres-
ence of lincomycin, the decline in the oxygen-evolving activity oc-
curred faster in the mutant cells than in the wild-type cells. Since
the mutant cells were grown in the presence of kanamycin, it is
possible that HL results in kanamycin products affecting photosyn-
thetic activity of the mutant cells. To exclude this possibility we
cultivated the mutant in the presence and absence of kanamycin
and compared their sensitivity to HL. The mutant cells grown in
the absence of kanamycin had the same sensitivity of photosyn-thetic activity to HL compared to the mutant cells grown in the
presence of kanamycin (data not shown), indicating that kanamy-
cin does not affect the photosynthetic activity of the mutant cells.
These results suggest that photosynthesis in the mutant cells is
more sensitive to light-induced photodamage than in the wild-
type cells. We also checked the effects of lipids other than DGDG
(MGDG, SQDG, and PG) on the HL-exposure to photosynthetic
activity to address a question whether suppressive action of DGDG
against photoinhibition observed in the mutant cells was speciﬁc
to DGDG (Fig. 3B). Although an actual import of each lipid has been
demonstrated, the effect of lipids on the HL-exposure to photosyn-
thetic activity was dependent on lipid class. MGDG and SQDG were
ineffective in suppressing the HL-induced decline of photosyn-
thetic activity. Interestingly, PG was slightly effective, but its effect
was smaller than DGDG, suggesting that DGDG has the most effec-
tive lipid class in retardation of the photoinhibition process in the
mutant cells among four lipid classes.
To further focus on the repair process of photosynthesis, we
monitored restoration of oxygen-evolving activity under LL condi-
tions following photodamage under HL conditions (Fig. 4). When
the wild-type and dgdA mutant cells were preincubated with in-
tense light at 30 C in the presence of lincomycin, oxygen evolution
declined to less than 20% of the original level. The activity of each
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Fig. 4. Recovery of photodamaged-photosynthetic activity under low light condi-
tions. Wild-type (squares) and dgdA mutant (circles) cells that had been subjected
to photoinhibitory treatment at 30 C for 60 min in the presence of lincomycin were
washed twice with fresh BG-11 and then allowed to recover oxygen-evolving
activity under LL (20 lmol photons m2 s1; open symbols) or darkness (closed
symbols) at 25 C. In the case of dgdAmutant cells, the recovery of oxygen-evolving
activity was also monitored in the presence of 10 lM DGDG (4). Error bars
represent S.D. based on mean values of three independent cultures.
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damaged cells to remove lincomycin, but the kinetics of the resto-
ration differed between wild-type and mutant cells: the
restoration of activity in the mutant cells proceeded much more
slowly than that in the wild-type cells. Addition of DGDG to the
mutant cells just before incubation under LL enhanced the restora-
tion, although its restoration rate was still lower than that of the
wild-type cells. These results clearly indicate that DGDG is crucial
for efﬁcient repair of photodamaged photosynthesis. When the
incubation was performed in the dark or in the presence of linco-
mycin (data not shown), restoration was not observed, indicating
that both illumination and protein synthesis are essential for the
repair of photosynthesis.
4. Discussion
In this study, we found that DGDG deﬁciency in Synechocystis
signiﬁcantly affected photosynthetic growth under HL conditions
(Fig. 1) or under Ca2+- and/or Cl-limited conditions (Fig. 2). The
photosynthetic machinery of the dgdA mutant was more suscepti-
ble to photoinhibition compared to the wild-type (Fig. 3), revealing
that its vulnerability under HL conditions is a reason for the growth
retardation of the mutant cells under HL conditions. Since the
growth properties and HL susceptibility of the photosynthetic
machinery were recovered by DGDG supplementation to the mu-
tant and DGDG was incorporated into cells, it is evident that DGDG
plays an important role in growth under HL or Ca2+- and/or Cl-
limited conditions.
We previously reported that the water oxidation complex con-
taining the manganese cluster, the catalytic center for water oxida-
tion in PSII, in the dgdAmutant cells exists in an unstable state: PSII
of the dgdAmutant lost the extrinsic proteins, at least PsbU, that are
required for the stable assembly of the manganese cluster, and
thereby the oxygen-evolving activity in the dgdA mutant cells was
more easily lost by heat treatment than that of the wild-type cells
[10]. The HL susceptibility (Figs. 1 and 3) and the growth inhibition
under CaCl2-limited conditions (Fig. 2) in the dgdAmutant are sim-
ilar to those of the PsbU-deﬁcient mutant [16,17]. These ﬁndings
support the previous suggestion that PsbU is dissociated from PSII
in the dgdAmutant cells in vivo. A recent model for the mechanism
of photoinhibition [18,19] proposes that the ﬁrst photoinhibitory
event is the release of manganese ions from the manganese cluster,leading to the inactivation of oxygen evolution and irreversible
damage to the D1 protein, a reaction center protein of PSII. There-
fore, the accelerated inactivation of oxygen evolution by HL in the
dgdA mutant cells in the presence of lincomycin (Fig. 3A) may be
attributable to the rapid release of the manganese ions from the
unstable state of the manganese cluster. Awai et al. independently
constructed a dgdAmutant anddemonstrated that the rate of photo-
synthetic oxygen-evolving activity was reduced compared to the
wild-typeonlywhen the activitywasmeasuredunderHL conditions
[9].
In general, photoinhibition of photosynthetic cells occurs by an
imbalance in the rate of damage and repair processes of PSII
[18,20]. In wild-type cells, the rate of repair is high enough to com-
pensate for inactivation of PSII even under HL; therefore, severe
photoinhibition is not observed (Fig. 3A). In the PsbU-deﬁcient mu-
tant showing the HL-sensitive phenotype, only the rate of photo-
induced damage is reported to be increased without affecting the
repair [16]. In contrast, we found that DGDG deﬁciency affects
not only the damage (Fig. 3A), but also the repair (Figs. 3B and 4)
of photosynthesis. Therefore, it is likely that multiple sites of PSII
were affected by depletion of DGDG in addition to the loss of bind-
ing of the PsbU protein. The damaged PSII is repaired via multi-step
processes involving monomerization of the PSII dimer, degradation
of the D1 protein, synthesis of the precursor to the D1 protein,
reassembly of the PSII complex, processing the D1 precursor to
yield mature D1, formation of the manganese cluster, and dimer-
ization of the PSII complex [18,20]. Recently, Nowaczyk et al. iso-
lated monomeric PSII core complexes from T. elongatus, either
containing or lacking the Psb27 protein [21]. Biochemical charac-
terization of these preparations revealed that a PSII monomer
without Psb27, referred to as the PSII monomer/-Psb27 (active
form), has a high oxygen-evolving activity and normal donor side
composition with PsbO, PsbU, and PsbV. Another PSII monomer
with Psb27, referred to as the PSII monomer/+Psb27 (inactive
form), had no oxygen-evolving activity and lacked the manganese
cluster and the PsbO, PsbU, and PsbV. The authors proposed that
PSII monomer/+Psb27 is an intermediate formed prior to the for-
mation of the manganese cluster leading to the active PSII mono-
mer/Psb27 [21]. Interestingly, our biochemical analysis of PSII
from the dgdAmutant cells showed that Psb27 preferentially accu-
mulated with the inactive PSII monomer compared to the active
PSII dimer [10], suggesting that the construction of the PSII dimer
from the inactive PSII monomer via the active PSII monomer is
inhibited in the mutant. Photoassembly of the manganese cluster
is considered to be one of the key steps for formation of active form
of PSII from the inactive form of PSII [18]. Thus, it can be assumed
that the binding of the manganese ions on the D1 protein is af-
fected by depletion of DGDG.
The X-ray crystal structure of the dimeric form of PSII from T.
elongatus identiﬁed the presence of four DGDG molecules per PSII
monomer [3]. Although polar head groups of all DGDG molecules
face the luminal side of PSII, no direct interaction of the DGDGmol-
ecules with the extrinsic proteins or the manganese cluster is
found in the crystal structure [4]. Lipid analysis of PSII from the
dgdA mutant cells suggested that DGDG was replaced with MGDG
in PSII of the mutant cells [10]. We presume that removal of one
galactose moiety from each DGDG molecule induces a conforma-
tional change on the luminal side of PSII leading to release of the
extrinsic proteins (as discussed in [10]) or modiﬁcation of the bind-
ing sites for manganese ions.Acknowledgments
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